Polar extension of hyphal tips is a growth characteristic of filamentous fungi. Proper extension depends on both actin filaments and microtubules in the cytoskeleton. In this process, proteins involved in cell wall synthesis and in membranes are supplied by exocytosis and endocytosis occurring in the subapical regions of hyphae. 1, 2) Endocytosis is a crucial process for the polar growth of filamentous fungi. In these fungi, many plasma membrane (PM) proteins are endocytosed via small vesicles. These proteins are transported to vacuoles by early and late endosomes (EEs and LEs, respectively) or return through EEs or EEs and Golgi equivalents to fuse with PMs. There are clathrin-mediated endocytic and clathrin-independent endocytic pathways in mammalian cells. In Saccharomyces cerevisiae, however, only the former pathway has been investigated extensively, and approximately, 60 proteins are known to be involved in the process. 3, 4) Among these proteins, a Wiskott-Aldrich syndrome family protein (WASP) ortholog, Las17p, is known to play a crucial role in this pathway. Since WASPs activate the Arp 2/3 complex, which promotes nucleation of actin filaments, they are also referred to as nucleation-promoting factors (NPFs). Deletion of LAS17 caused aberrant actin filament organization and defects in endocytosis, 5, 6) and its deletion mutant did not grow at high temperatures. Las17p interacts with G-actin at the C-terminal WH2 domain and with the Arp2/3 complex by its C-terminal acidic sequence. The central proline-rich region of Las17p binds actin and some SH3 domain-containing proteins. This region also has nucleation activity independent of the Arp2/3 complex. Las17p interacts with Vrp1 through the WH1 domain at its N-terminus. 4, [7] [8] [9] Deletion mutants of the genes encoding WASP orthologs in Ashbya gossypii and Candida albicans were defective in polarized growth. 10, 11) A WASP ortholog-deficient mutant of Cryptococcus neoformans showed defects in cytokinesis, endocytosis, and exocytosis. 12) In filamentous fungi, endocytosis occurs at subapical regions of hyphal tips, where a collar of actin patches is present. 13, 14) Endocytosis is important to protein and membrane recycling at hyphal apices, and so is essential for the rapid extension of hyphal tips. In Aspergillus nidulans, the gene products of slaB, arfB, fimA, and myoA have been reported to function in endocytosis. [15] [16] [17] [18] [19] slaB is essential for growth and maintenance of polarity. 15, 16) Deletion of arfB or fimA has been shown to delay the polarity establishment, resulting in extremely swollen conidia. 17, 18) In addition, Aoend4, a slaB ortholog of Aspergillus oryzae, also functions in endocytosis, and repression of Aoend4 expression retarded colony growth and caused defects in hyphal morphogenesis. 20) myoA, which encodes a class I myosin, is essential for polarized growth. 21) A myoA ortholog of A. oryzae, aipB, is suggested to be involved in the endocytosis. 22) Collectively, these results demonstrate that endocytosis is required for the establishment and maintenance of polarity in filamentous fungi. The detailed mechanism, however, remains largely unresolved.
In filamentous fungi, some transmembrane proteins at hyphal tips are believed to be endocytosed at subapical regions and transported to apices again during hyphal tip extension. This recycling process keeps these proteins in the hyphal tip regions. 23, 24) To clarify the involvement of WASPs in endocytosis and polar growth of filamentous fungi, we identified a WASP ortholog in A. nidulans and characterized its function. We also investigated the effect of depletion of this WASP ortholog on the localization of SynA.
Materials and methods
Strains, media, primers, and transformation.
A. nidulans strains used in this study are listed in Table 1 . All strains were grown in minimal medium (MMG) or YG medium. 25) Pyridoxine (0.5 mg/mL), uridine (10 mM), and uracil (10 mM) were added when necessary, and each supplement added was indicated by a single lowercase letter after the medium name. To induce the expression of alcA promoter, 100 mM threonine and 0.1% fructose were added to MMG instead of glucose. We referred to the medium as MMTF. Thiamin was added at a final concentration of 100 μM when the expression of thiF promoter was repressed. MMG and YG plates contained 1.5% agar. Strains were grown at 37°C unless otherwise indicated. Escherichia coli strain DH5α was used for propagation of plasmids. Primers used in this study are listed in Table S1 . Bacterial and fungal transformations were performed as described previously.
26)
Isolation of total RNA from A. nidulans. The conidia of the strain A1149 were inoculated into YGuu medium and cultured for 24 h at 37°C. Mycelial pellets were collected and frozen by liquid nitrogen. Frozen mycelia were ground by a mortar. Isolation of total RNA was done using RNeasy Mini Kit (QIAGEN) according to the manufacturer's instructions.
Rapid amplification of cDNA ends (RACE) analysis.
RACE analysis was performed using GeneRacer™ Kit for full-length RNA ligase-mediated rapid amplification of 5′ and 3′ cDNA ends (RLM-RACE) (Invitrogen) according to the manufacturer's instructions.
To confirm the translation initiation site and positions of introns of wspA, we performed RACE analysis using 5-AN11104-rev-GSP and 5-AN11104-rev-GSP-n as a nested primer for 5′ RACE, and 3-AN11104-for-GSP for 3′ RACE.
Colony PCR. Conidia were suspended in 50 μL of extraction buffer (100 mM Tris-HCl pH 9.5, 1 M KCl, and 10 mM EDTA) and heated at 100°C for 15 min. Then, the solution was vortexing vigorously and centrifuged at 15,000 rpm for 1 min. One μL of the supernatant was used for polymerase chain reactions (PCRs).
Preparation of cell lysate and western blot analysis. Conidia of A. nidulans were inoculated into appropriate liquid medium and incubated for 14-16 h at 37°C. Mycelial pellets were collected and resuspended in 200 μL of extraction buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA). Then, 1 μL of protease inhibitor cocktail (SIGMA) was added. Cell lysates were prepared with Multi-beads shocker (YASUI KIKAI) as described previously. 27) Western blot analysis was performed as described previously 28) with slight modifications. A mouse anti-GFP antibody (SIGMA) was diluted with Can Get Signal (TOYOBO) at a 1:1000, and used as a primary antibody. A horseradish peroxidase-conjugated rabbit anti mouse IgG antibody (Cell Signaling Technology) was diluted with Can Get Signal at a 1:1000 and used as a secondary antibody.
Constructions of plasmids. A 1.8-kb fragment of BamHI-and SpeI-digested pBSpyrG 29) was cloned into BamHI-and SpeI-digested pBluescript II SK + , yielding pBSpyrGII. A 1.0-kb fragment containing the 5′ upstream sequence of thiF ORF was amplified from the total DNA of A1149 using BglII-thiF(p)-f and PstIthiF(p)-r as primers. The amplified fragment was digested with Bgl II and Pst I and ligated into the BamHI-and PstI-digested pBSpyrGII, yielding ppyrGthiF(p). A 1.3-kb fragment containing the 5′ upstream sequence of the wspA ORF was amplified from the total DNA of A1149 using 5-(1320)-AN11104-f and 3-AN11104-rev as primers. A 2.7-kb fragment containing pyrG and thiF(p) was amplified from ppyrGthiF(p) using pyrG+1000-481For and thiF(p)-r as primers. A 1.0-kb fragment containing the 5′ region of the wspA ORF was amplified from the total DNA of A1149 using thiF(p)-AN11104-f and 5-AN11104-rev-GSP as primers. The 1.3-kb, 2.7-kb, and 1.0-kb fragments described above were assembled by fusion PCR 30) using XbaI-5-AN11104-f and PstI-AN11104-mid-r as primers. The 5.0-kb assembled fragment was digested with XbaI and PstI and ligated into XbaI-and PstI-digested pUC118, yielding pthiF(p)-AN11104. A 2.1-kb fragment containing the entire ORF of wspA was amplified from the total DNA of A1149 using AN11104-for and egfp-AN11104-rev as primers. A 0.7-kb fragment containing the gene encoding EGFP was amplified from pEGFP (Clontech) using egfp-for and egfp-rev as primers. A 0.5-kb fragment containing 3′ downstream sequence of the wspA ORF was amplified from the total DNA of A1149 using egfpAN11104ter-for and pyroA-AN11104ter-rev as primers. The 2.1, 0.7, and 0.5-kb amplified fragments were assembled by the fusion PCR using AN11104-for and pyroA-AN11104ter-rev as primers, yielding a 3.3-kb fragment.
A 2.4-kb fragment containing the entire pyroA gene was amplified from pUCpyroA2 31) using pyroA-5n and pyroA-3n as primers. The 3.3-kb fragment and the 2.4-kb fragment were assembled using AN11104-nest-for and pyroA-nest-rev as primers, yielding a 5.7-kb fragment. A 2.9-kb fragment containing the 3′ part of wspA ORF and the 3′ downstream sequence was amplified from the total DNA of A1149 using pyroA-mid-AN11104-for and 3-AN11104-2kb-rev as primers. A 2.4-kb fragment containing the entire pyroA gene was amplified from pUCpyroA2 using pyroA-1st-for and pyroA-3n as primers and assembled with the 2.9-kb fragment using pyroA-5n and 3-AN11104-2kb-n-rev, yielding a 5.3-kb fragment. A 3.6-kb fragment produced by BamHI-SalI digestion of the 5.7-kb fragment and a 3.4-kb fragment produced by BamHI-SalI digestion of the 5.3-kb fragment were ligated into BamHIdiegested pUC118, yielding pAN11104-EGFP.
pACLAsh was constructed as follows: A 8.1-kb fragment was amplified from ppyrGLA 29) using 3EGFPR and mC-pyrGR as primers. A 0.7-kb fragment containing mCherry-coding region was amplified from pmCherry-N1 (Clontech) using SmaI-mCherry-f and mCherry-r as primers. The 8.1-kb and 0.7-kb fragments were connected and amplified by fusion PCR using Link2R and SmaI-mCherry-f as primers. The amplified fragment was digested with SmaI and self-ligated, yielding ppGALLAmC. A 7.1-kb fragment was amplified from ppGALLAmC using abp140F and pyrGdown-Nde as primers. A 1.0-kb fragment containing actA promoter was amplified from A1149 total DNA using SmaI-actA(p)F and LA-actA(p)R as primers. The 7.1-kb and 1.0-kb fragments were connected and amplified by fusion PCR using pyrGdown-Nde and SmaI-actA(p)F as primers. The amplified fragment was digested with SmaI and self-ligated, yielding ppGACLAmC. The 3.3-kb SpeI-fragment of ppGACLAmC containing actA(p), Lifeact-mCherry, and pyrG was ligated with SpeI-digested pBSII, yielding pACLAsh.
A1.4-kb fragment containing 0.5-1.9 kb upstream of synA was amplified from the total DNA of A1149 using EcoRI-5-synA-f and pyroA-5-synA-r. A 2.4-kb fragment containing the entire pyroA gene was amplified from pUCpyroA2 using pyroA5n and pyroA3n as primers. These two fragments were fused by the fusion PCR using EcoRI-5-synA-f and pyroA3n as primers, yielding a 3.8-kb fragment. A 0.5-kb fragment of 5′ upstream of synA was amplified using pyroA-synA(p)-f and EGFP-synA(p)-r as primers. A 0.7-kb fragment containing egfp was amplified from pEGFP using egfpfor and egfp-rev as primers. A 1.0-kb fragment containing the entire synA ORF and its 0.4-kb downstream region was amplified from the total DNA of A1149 using EGFP-synA-f and synA-r as primers. The 0.5-kb, 0.7-kb, and 1.0-kb fragments amplified above were fused by the fusion PCR using pyroA-synA(p)-f and synA-r as primers, yielding a 2.2-kb fragment. This 2.2-kb fragment and the 2.4-kb fragment containing pyroA were fused by the fusion PCR using pyroA5n and synA-r-n as primers, yielding a 4.6-kb fragment. This 4.6-kb fragment was digested with MluI and SmaI and the 3.8-kb fragment containing 5′ upstream of synA and the entire pyroA gene was digested with EcoRI and MluI. These two fragments were ligated into EcoRIand SmaI-digested pUC18, yielding pEGFP-SynA.
Constructions of strains.
To obtain a wspA deletion mutant, we constructed the strain as follows: A 1.0-kb fragment containing 5′ upstream sequence of the wspA ORF was amplified from the total DNA of AN1149 using 5-AN11104-for and 5-AN11104-rev as primers. A 2.0-kb fragment containing the entire pyrG gene was amplified from pPyrG+750 containing the entire coding region and 715 bp upstream of pyrG (Ono-Tanaka et al. unpublished) using pyrG+1000-481For and pyrG+1000-2480Rev as primers. A 1.9-kb fragment containing the 3′ region and the downstream sequences of the wspA ORF was amplified from the total DNA of AN1149 using mid-AN11104-for and 3-AN11104-rev as primers. These three amplified fragments were assembled by fusion PCR using 5-AN11104-nest-for and 3-AN11104-nestrev as primers, yielding a 4.9-kb fragment. A1149 was transformed with the 4.9-kb fragment, yielding heterokaryons wspA-hk-1 and -2.
The strain that produces WspA-EGFP was constructed as follows: AN1149 was transformed with the 7.0-kb fragment obtained from the BamHI-digested pAN11104-EGFP. Two transformants were selected in the transformation. The replacement of the wild-type wspA in these transformants with wspA-egfp was confirmed by Southern blot analysis. We designated these transformants as wspA-EGFP-1 and -2.
wspA-EGFP-1 was transformed with BlnI-digested pACLAsh. A transformant in which actA(p)-lifeactmcherry was integrated into the pyrG locus was selected by Southern blot analysis and designated it wspA-EGFP/actLAmCh.
The strains that produce WspA under the control of the thiF promoter were constructed as follows: A1149 was transformed with a 4.5-kb fragment obtained from the EcoRV-and SpeI-digested pthiF(p)-AN11104. Two transformants were selected in the transformation. The replacement of the wild-type wspA in these transformants with the thiF(p)-wspA was confirmed by Southern blot analysis. We designated these transformants as thiF(p)-wspA-1, and -2.
A1149 and thiF(p)-wspA were transformed with a 5.6-kb fragment obtained from EcoRI-and SmaI-digested pEGFP-SynA. Two transformants were selected in each transformation and the production of EGFPSynA was confirmed by western blot analysis using anti-GFP antibody. We designated these strains, EGFPsynA-1, and -2, and thiF(p)-wspA/EGFP-synA-1 and -2, respectively.
All the strains described above that have the same genotypes exhibited the same phenotypes under the conditions tested.
A1149 was transformed with a 2.7-kb BamHI-PstI fragment of pUCPYROA. 32) A transformant in which pyroA4 mutation was replaced with the wild-type pyroA was designated A1149/pyroA.
Uptake of FM4-64. Uptake of FM4-64 was performed as follows: thiF(p)-wspA and A1149/pyrG-1 were inoculated in MMGp with or without 100 μM thiamin and incubated for 8 h at 37°C in glass-based dishes. Then, the dishes were cooled on ice for 10 min and the medium was removed. The fresh medium containing 10 μM FM4-64 was added and incubated for 10 min on ice. Then, the dishes were washed 3 times with fresh medium and were incubated at 25°C. 5) , wspA-hk-1 (lanes 3 and 6) and wspA-hk-2 (lanes 4 and 7) were analyzed by colony PCR. Lanes 2-4, PCR-amplified fragments using P2 and P3 as primers. Lanes 5-7, those using P1 and P2 as primers. Lane 1, MW marker.
wspA-hk-2 wild type
wspA-hk-1 Fig. 3 . Growth of wspA-hk-1 and wspA-hk-2 on the selective and non-selective media.
MMGpuu MMGp
Notes: Conidia of the wspA-hk-1, wspA-hk-2, and A1149/pyrG-1 (wild type) strains were inoculated on the selective (MMGp) and the non selective (MMGpuu) media and incubated for 72 h at 37°C.
Fluorescence microscopy. Calcofluor white (CFW) staining and fluorescence microscopy was done as previously described. 25) Conforcal laser microscopy was done using Fluoview FV500 system (Olympus).
Results

Characterization of a LAS17 ortholog in A. nidulans
There is an ortholog of S. cerevisiae LAS17, AN11104, in the genome of A. nidulans (http://www. aspgd.org). A 5′ and 3′ RACE analysis showed that this gene contains two introns and encodes a protein of 657 amino acids. The positions of introns are shown in Fig. S1 . The product of AN11104 exhibits 75 and 62% amino acid similarities with Las17p and human WASP, respectively, and they have similar domain organizations, containing WH (WASP homology) 1, prolinerich, and WH2. Thus, we refer to AN11104 as wspA ( Fig. 1(A) ). The wspA gene product, WspA, has a sequence rich in acidic amino acids at its C-terminus, similar to other WASP orthologs (Fig. S2) . However, a CRIB domain, which is located in the central region of Notes: Conidia of the wspA-hk-2, the AN1149/pyrG-1, and AN1149 strains were inoculated in the liquid MMGp medium and incubated for the indicated time at 37°C. Aberrant germ tube formation was occasionally observed and indicated after 39 h of incubation. Scale bars; 10 μm.
Characterization of a WASP ortholog in A. nidulansa human WASP and is known to bind Cdc42, is not present in Las17p or WspA. A phylogenetic tree of WASP orthologs is shown in Fig. 1(B) .
To investigate the function of wspA, we attempted to construct its deletion mutant (see Materials and methods and strategy is shown in Fig. 2(A) ). Two transformants grew poorly on the selective medium, MMGp, and formed small colonies (Fig. 2(B) ). We designated these transformants as wspA-hk-1 and wspA-hk-2 and analyzed the integration loci of the transformed DNA in their genomes by colony PCR (Fig. 2(C) ). When P2 and P3 were used as primers, one fragment was amplified from the wspA-hk-1 and wspA-hk-2 DNAs, whereas no fragment was amplified from the A1149/ pyrG-1 (Fig. 2(C) lanes 2-4) . When P1 and P2 were used as primers, two fragments (indicated by arrows) were amplified from the wspA-hk-1 and wspA-hk-2 DNAs, whereas one fragment was amplified from the A1149/pyrG-1 DNA (Fig. 2(C) lanes 5-7) . These results indicated that wspA-hk-1 and wspA-hk-2 are heterokaryons. Since the conidia of A. nidulans contain one nucleus, there should be two types of the conidia in these transformants that have either a ΔwspA pyrG + nucleus or a wspA + pyrG -nucleus. Their conidia did not form colonies when inoculated on the selective MMGp medium, at 37°C, whereas they grew well on the nonselection MMGpuu medium (Fig. 3) . The conidia of the heterokaryons did not form colonies on the selective medium at 25°C or 30°C (data not shown). These results suggest that wspA is essential for the growth of A. nidulans. The growth defect of these heterokaryons is likely caused by the insufficiency of the WspA protein production in the hyphae.
To determine the terminal phenotype of the wspA deletion mutant, the conidia of wspA-hk-2 were inoculated into the selective liquid medium and incubated for 39 h. Some conidia swelled slightly and stopped growing. This phenotype is similar to that of a pyrG -mutant (Fig. 4, A1149) , suggesting that these conidia contained a wspA + pyrG -nucleus. In contrast, other conidia swelled more and did not form germ tubes even after 39 h of incubation at 37°C. Occasionally, swollen conidia with germ tubes were also observed (Fig. 4, lower panel) . However, these germ tubes did not grow further and did not form colonies. When conidia of wspA-hk-2 were incubated in the selective medium at 25°C, some conidia continued to grow isotropically and, after 115 h of incubation, formed extremely large cells (Fig. S3) . These results suggest that the swollen conidia contained ΔwspA pyrG + nuclei and that wspA plays a crucial role in the polarity establishment and/or maintenance during conidial germination.
Localization of WspA in the hyphae
Localization of WspA in the germinating conidia and growing hyphae was analyzed using WspA tagged with EGFP at its C-terminus. The wspA-EGFP strains produced WspA-EGFP (Fig. S4(A) ) and grew as well as the wild-type strain (Fig. S4(B) and data not shown). The calculated molecular mass of WspA-EGFP was 94 kDa, whereas the mass determined by SDS-PAGE was approximately 130 kDa ( Fig. S4(A) ). This suggests that WspA is modified in A. nidulans. Since WASP orthologs are known to interact with actin, we constructed the strain, wspA-EGFP/actLAmCh, which simultaneously produces WspA-EGFP and Lifeact tagged with mCherry (see Materials and methods). Lifeact consists of 17 N-terminal amino acids of Abp140p in S. cerevisiae, and it is used to observe the localization of F-actin in Neurospora crassa and A. nidulans. 29, 33) The wspA-EGFP/actLAmCh strain grew as well as the wild-type strain (Fig. S4(B) ), indicating that WspA-EGFP and Lifeact-mCherry are functional.
During conidial germination, WspA-EGFP localized to the cortex of swelling conidia in patches before germ tube formation. WspA-EGFP and LifeactmCherry did not colocalized at that time (Fig. 5, 4 h ). After germ tube formation, however, WspA-EGFP primarily localized to the tips of germlings, appearing as punctate structures that partially colocalized with those of Lifeact-mCherry (Fig. 5, 6 and 8 h) . WspA-EGFP was mainly observed at the cortexes of subapical regions of hyphae, where it colocalized with LifeactmCherry in mature hyphae (Fig. 5, 16 h) . These results suggest that WspA is colocalized with actin filaments at the subapical regions where endocytosis occurs. WspA-EGFP was not observed at septa (Fig. 5, septa) .
The distributions of WspA-EGFP in the wspA-EGFP strain were nearly the same as those in the wspA-EGFP/actLAmCh strain, appearing in swelled conidia, germlings, and mature hyphae (data not shown), suggesting that the expression of Lifeact-mCherry did not disturb the localization of WspA-EGFP.
Function of WspA in the endocytosis
To investigate the function of WspA in endocytosis, we constructed a conditional mutant of wspA, the thiF (p)-wspA strain, which expresses wspA under the control of a thiF promoter. Expression of the thiF promoter is repressed when thiamine is added to the medium. 34) The thiF(p)-wspA strain grew as well as the wild-type no addition + thiamine thiF(p)-wspA Notes: The thiF(p)-wspA strain was inoculated on the MMGp plate (wspA-inducing condition) or that with thiamine (wspA-repressing condition) and incubated for 16 h. The hyphae were stained with CFW. Scale bar, 10 μm.
Characterization of a WASP ortholog in A. nidulansstrain under the thiF(p)-inducing condition, while growth of the thiF(p)-wspA strain was, markedly retarded under the thiF(p)-repressing condition (Fig. S5) . Growth of the thiF(p)-wspA strain is likely a result of leaky expression of wspA under the thiF(p)-repressing condition. It was not restored when 1.2 M sorbitol was added to the medium (Fig. S5) . The hyphae of the strain were highly branched, and their lateral walls were not smooth under the thiF(p)-repressing condition (Fig. 6) .
To investigate the involvement of WspA in endocytosis, we observed the internalization of FM4-64 in the thiF(p)-wspA strain (Fig. 7) . FM4-64 is a lipophilic fluorescent dye frequently used to monitor endocytosis. When cells are treated with FM4-64, it binds PM and is subsequently internalized by endocytosis. Finally, it is transported to the vacuole. Under the thiF(p)-repressing condition, FM4-64 was internalized after 6 min of incubation at 37°C and reached to organelles after 9 min in the wild-type strain, while, in the thiF(p)-wspA strain, only the cell surface was stained after 27 min of incubation (Fig. 7) . In contrast, under the thiF(p)-inducing condition, internalization was observed in both strains after 6 min of incubation (Fig. S6) . These results suggest that WspA is involved in endocytosis.
Next, we used an endocytic marker protein, SynA, to monitor endocytosis. SynA is a synaptobrevin ortholog of A. nidulans that localizes at hyphal tips. SynA is known to be endocytosed from subapical regions of hyphal tips, and it is recycled to the extreme apices of hyphae. 13, 14) We constructed a thiF(p)-wspA/EGFPsynA strain, a wspA conditional mutant that produces EGFP-SynA, and examined the localization of EGFPSynA. In the thiF(p)-wspA/EGFP-synA strain, EGFPSynA predominantly localized at hyphal tips under the thiF(p)-inducing condition (Fig. 8, no addition) , whereas it was distributed to the surface of basal regions of hyphae under the thiF(p)-repressing condition (Fig. 8, + thiamine) . In the wild-type strain, the distribution of EGFP-SynA was similar in both conditions. Collectively, the results indicate that WspA functions in endocytosis at the subapical regions.
Discussion
Endocytosis is crucial for hyphal tip growth in filamentous fungi and the tip localization of certain transmembrane proteins. WASPs are known to be involved in the endocytosis in mammals and yeasts. To investigate the function of the WASP ortholog in filamentous fungi, we identified a WASP ortholog-encoding gene of A. nidulans, wspA, and characterized it. wspA is essential for the growth of the organism and plays an important role in the establishment and/or maintenance of polarity during conidial germination and hyphal tip growth. We showed that WspA predominantly localized at the tips of germ tubes and subapical regions near the actin ring-like structures of mature hyphae. Repression of wspA expression reduced the incorporation of FM4-64 and changed the tip localization of SynA, indicating that WspA functions in endocytosis.
WspA consists of a WH1 domain, a proline-rich region, a WH2 domain, and a C-terminal acidic region. The C-terminal acidic region is known to be a binding site for the Arp2/3 complex, and it is crucial for the activation of the Arp2/3 complex to promote actin filament nucleation in yeast and mammalian cells. 7, 35) Polyproline tracts in the proline-rich region of Las17p and mammalian WASP also bind to actin and have NPF activity independent of the Arp2/3 complex. 7) Since polyproline tracts in the proline-rich region and the C-terminal acidic region are both conserved in WspA, it is probable that WspA is also involved in actin filament nucleation in Arp2/3-dependent and Arp2/3-independent manners.
In filamentous fungi, filamentous actin plays crucial roles in hyphal tip growth by delivering exocytic vesicles to the apical PM and endocytic recycling at subapical regions. WspA colocalized with actin filament at the subapical regions of mature hyphae. In S. cerevisiae, Las17p was reported to form a large stable complex with Sla1p. This complex may be recruited to endocytic sites before actin polymerization.
36) The polyproline tract of Las17p binds to the SH3 regions of Sla1p to form the complex. A SLA1 ortholog gene, AN1462, is present in the genome of A. nidulans and its gene product, AN1462, is predicted to have 4 SH3 domains. Thus, it is possible that WspA is also recruited to subapical regions of hyphal tips with AN1462 and regulates endocytosis there through the nucleation of actin filaments.
wspA is essential for the growth of A. nidulans at 25, 30, and 37°C. In S. cerevisiae, a deletion mutant of las17 grew slowly at 30°C and did not grow above 34°C. 5) Temperature sensitive growth phenotypes were also observed in deletion mutants of wspA orthologs in Schizosaccharomyces pombe, 37) A. gossypii, 10) and C. neoformans. 12) In contrast, the deletion mutant of a wspA ortholog in C. albicans did not show temperature sensitivity, but exhibited defects in filamentous growth. 11) These results suggest that the functional contributions of these WASP orthologs to growth are somewhat different in these organisms. Among these deletion mutants, the mutants of A. gossypii and C. albicans showed defects in polarized growth, suggesting that WASP proteins are crucial for the polarized growth. The fact that wspA is essential for the growth supports this possibility.
In the wspA deletion mutant of A. nidulans, germ tubes hardly formed, indicating that the polarity establishment during germination is severely deficient (Fig. 4) . Defects in the maintenance of polarity were observed in the deletion mutants of endocytosis-related genes, slaB, arfB, and fimA in A. nidulans. 15, 17, 18, 21) Most conidia of the wspA deletion mutants did not form germ tubes, suggesting that WspA plays an important role in polarity establishment during germination. However, portions of conidia did form germ tubes. This indicates that the function of WspA is not essential for the polarity establishment. It is probable that WspA also plays a role in maintaining polarity because the germ tubes formed by the deletion mutant were abnormally thick, with aberrant morphologies.
In yeasts, WASP-orthologs form complexes with verprolin and recruit type-I myosins at actin patches. There, they function together in endocytosis. [38] [39] [40] In A. nidulans, there is only one type-I myosin, MyoA, which is essential for growth and plays a role in endocytosis. 19, 21, 41) MyoA localizes primarily at hyphal tips and forming septa, 42) where actin filaments also localize. Since an ortholog of verprolin-encoding genes in yeasts is present in the genome of A. nidulans, it is probable that the mechanism of type-I myosin recruitment at sites of endocytosis is conserved between yeasts and A. nidulans. Type-I myosins possess both NPF activity and motor activity, and these activities are separable. 38) In S. cerevisiae, the NPF activities of Las17p and type-I myosins are redundant, and either of them is sufficient for endocytosis to proceed. 39, 43, 44) Since the motor activity of MyoA is suggested to be nonessential for the growth, 41) it is possible that MyoA NPF activity is essential for the growth of A. nidulans. This may suggest that the NPF activities of WspA and MyoA are both required for endocytosis in A. nidulans. Further, functional analyses of each domain of WspA and MyoA will clarify specific roles of WASPs and type-I myosins in endocytosis in filamentous fungi.
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